Abstract To date, 37 genes have been identified for nonsyndromic hearing impairment (NSHI). Identifying the functional sequence variants within these genes and knowing their population-specific frequencies is of public health value, in particular for genetic screening for NSHI. To determine putatively functional sequence variants in the transmembrane inner ear (TMIE) gene in Pakistani and Jordanian families with autosomal recessive (AR) NSHI, four Jordanian and 168 Pakistani families with ARNSHI that is not due to GJB2 (CX26) were submitted to a genome scan. Two-point and multipoint parametric linkage analyses were performed, and families with logarithmic odds (LOD) scores of 1.0 or greater within the TMIE region underwent further DNA sequencing. The evolutionary conservation and location in predicted protein domains of amino acid residues where sequence variants occurred were studied to elucidate the possible effects of these sequence variants on function. Of seven families that were screened for TMIE, putatively functional sequence variants were found to segregate with hearing impairment in four families but were not seen in not less than 110 ethnically matched control chromosomes. The previously reported c.241C>T (p.R81C) variant was observed in two Pakistani families. Two novel variants, c.92A>G (p.E31G) and the splice site mutation c.212 −2A>C, were identified in one Pakistani and one Jordanian family, respectively. The REGIE LYN P. SANTOS is an otorhinolaryngologist from the University of the Philippines Manila. She received her
Introduction
In the past decade, there has been great progress in the mapping and identification of hearing impairment (HI) genes in different populations worldwide. To date, more than 100 HI loci have been mapped and 37 HI genes have been identified [1] . It is predicted that there may be as many as 300 genes involved in the HI phenotype [2] . The large-scale effort to identify HI genes was partially driven by the hope that genetic screening will contribute greatly to earlier diagnosis of genetic HI and allow for early therapeutic and rehabilitative management. However, the clinical usefulness of knowing hundreds of HI genes will remain limited until individual genes are studied for their spectrum of sequence variants, prevalence rates of mutations in various populations, and functional significance in the auditory system.
The transmembrane inner ear (TMIE; MIM no. 607237) gene is one of the more recently identified HI genes [3] , the function of which is yet unknown. In this study, two novel sequence variants of the TMIE gene were found in Pakistani and Jordanian families with autosomal recessive nonsyndromic (ARNS) HI. Additionally the prevalence of putatively functional TMIE variants was estimated in Pakistani families with ARNSHI. The occurrence of sequence variants in predicted protein domains and at evolutionarily conserved residues was studied for both previously published and novel TMIE variants to determine whether these variants are involved in the etiology of HI.
Materials and methods

Ascertainment of study subjects
The study was approved by the Institutional Review Boards of Quaid-I-Azam University, Jordan University of Science and Technology, and Baylor College of Medicine and Affiliated Hospitals. Informed consent was obtained from all family members who participated in the study.
For this study, 192 unrelated Pakistani families with at least two ARNSHI individuals were ascertained from various regions of Pakistan. In addition, five families from Jordan were recruited for ARNSHI research. Medical and family history and information on pedigree structure was obtained from multiple family members. Pure tone audiometry at 250-8,000 Hz was performed for selected subjects. All hearing-impaired family members underwent physical examination. The clinical history indicates that the hearing impairment in all four families is prelingual and probably congenital. There is no evidence that HI is due to inflammatory middle ear disease or specific environmental factors. Within these families, no clinical features that would indicate that the HI is part of a syndrome, including mental retardation, were observed. The audiograms clearly demonstrate that the hearing impairment due to TMIE is bilateral, profound, and affects all frequencies (Fig. 1) . No additional diagnostic procedures for vestibular and temporal bone abnormalities were performed, although from the clinical history and physical examination, there were no reports of delay in ambulation during development or of positive findings during vestibular testing and otoscopy.
Genome scan DNA was isolated from venous blood samples following a standard protocol [4] , quantified by spectrophotometry at optical density 260, and stored at −20°C. Of the 197 families, one Jordanian and 12 Pakistani families were positive for GJB2 (MIM no. 121011; GenBank accession no. NM_004004.3) mutations. Twelve other Pakistani families were not included for genome scan due to an insufficient number of DNA samples to carry out a linkage analysis. DNA samples from 128 families were diluted to 40 ng/μl and sent to the Center for Inherited Disease Research (CIDR) for genome scan, while diluted DNA samples from 44 families were sent to the National Heart, Lung and Blood Institute (NHLBI) Mammalian Genotyping Service (Center for Medical Genetics, Marshfield, WI, USA) for genotyping. From 2000 to 2004, samples were sent in six batches, with an average of 395 short tandem repeat (STR) markers spaced at ∼10 cM apart for each genome scan that was done on all 22 autosomes and the X and Y chromosomes.
Linkage analysis
Linkage analyses were performed under a fully penetrant AR model with a disease allele frequency of 0.001. The MLINK program of the FASTLINK computer package was utilized for two-point linkage analysis [5] , while multipoint analysis was performed using ALLEGRO [6] with map distances from the Marshfield genetic map [7] , DeCode genetic map [8] , or estimated using Map-O-Mat [9] . Some of the families were too large to analyze in their entirety using ALLEGRO and were therefore broken into two or more branches for the analysis, then the logarithmic odds (LOD) scores from each branch of the family were summed. Marker allele frequencies were estimated from the marker data by means of both observed and reconstructed genotypes of founders from each pedigree and other pedigrees from the same population that were genotyped in the same genome scan.
Sequencing TMIE
The TMIE (GenBank accession no. NM_147196.1) gene was sequenced in one hearing and two hearing-impaired members of families showing linkage to the 3p21.31 region after two-point and multipoint linkage analyses. Primer3 software [10] was used to design primers for the four exons and 1,000 bp of promoter region of the TMIE gene. After DNA amplification and purification with ExoSAP-IT (USB Corp., Cleveland, OH, USA), sequencing was per- [12] using default settings, then the identified eukaryotic proteins were aligned with CLUSTAL W [13] . The PROSITE database [14] was scanned for known patterns and motifs.
Results
Of 172 Pakistani and Jordanian families that underwent two-point and/or multipoint linkage analyses, seven families had two-point and multipoint LOD scores of 1.0 or greater between markers flanking the TMIE gene. Table 1 shows the LOD scores per family, along with ethnolinguistic information and sequence variants that were found in homozygosity in hearing-impaired individuals but not in unaffected family members. Four families were positive for putatively functional sequence variants. Two Pakistani families had a previously published variant, c.241C>T (p.R81C) [3] , which occurs at a highly conserved cytoplasmic amino acid residue (Table 2) . Two other families possess novel sequence variants. One Pakistani family had an A to G transition at position 92, thus resulting in the replacement of the charged polar amino acid side chain by a hydrogen molecule (p.E31G). The amino acid residue is predicted to occur at the extracellular region and is conserved in the mouse Tmie protein but not in Tmie-like proteins of Drosophila melanogaster and Caenorhabditis elegans. The splice site mutation c.212 −2A>C that was found in a Jordanian family is predicted to cause skipping of the third exon and subsequent removal of part of the second transmembrane segment and half of the long C-terminal tail of the protein. Neither p.R81C nor p.E31G was identified with a known protein sequence motif. All three variants were not observed in at least 110 control chromosomes.
Several polymorphisms were observed in the seven families, but none of these variants segregated with HI status within the families (Table 3) . Four TMIE sequence variants that were identified in a previous study [3] were not found in the families that are reported here but were also examined in terms of conservation and occurrence of amino acid residues at functional sites (Table 4) . Three missense changes at arginine residues, including the known variant p.R81C, were predicted to occur within the intracellular domain at the C-terminal tail. Two substitutions, p.R81C and p.R84W, are at highly conserved residues, while p.R92W occurs at a putative tyrosine kinase phosphorylation site.
Discussion
Putatively functional TMIE variants were observed in 3 of the 168 Pakistani families that underwent a genome scan. Twelve additional Pakistani families in the study did not 
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N/A Not applicable a TMIE sequence variants are from Naz et al. [3] . Membranespanning domains, evolutionary conservation, and functional effect were determined as described in Table 2 b
These sequence variants were originally reported as IVS1-2_98del AGCCCAGinsC and 125-126insCGCC. The nomenclature has been modified in accordance with recommendations from the Human Genome Variation Society (http://www.genomic.unimelb. edu.au/mdi/) c The arginine residue at position 92 belongs to a putative tyrosine kinase phosphorylation site according to the PROSITE database [14] undergo a genome scan but are known to have functional variants in the GJB2 gene [15] . The prevalence of functional TMIE variants in these Pakistani families is therefore 1.7% [95% confidence interval (CI) 0. 3-4.8] . This is the first report of the population-specific prevalence of TMIE variants in individuals with ARNSHI. In this population of Pakistani families with ARNSHI, the prevalence of putatively functional variants in the GJB2 gene is 6.1% (95% CI 3.2-10.4) [15] , while the prevalence of putatively functional TMC1 (MIM no. 606706) variants is 4.4% (95% CI 1.9-8.6) [16] . The importance of the TMIE gene as a cause of HI cannot be known until other populations are studied. Due to insufficient number of families, it is not possible to accurately estimate the prevalence rate of functional TMIE variants in the Jordanian population. Among seven families in which the TMIE gene was sequenced, a potentially functional variant was not identified in three families (Table 1) . A conservative criterion of a LOD score of 1.0 or greater was used in choosing the families for sequencing. It is therefore not surprising that for families 4009, 4051, and 4197 which had multipoint LOD scores of 6.6, 1.9, and 1.8, respectively, to other chromosomal regions, the TMIE gene could not be implicated as the cause of HI. For family 4009, there is highly significant evidence of linkage to DFNB44 [17] ; the gene that causes HI in this family almost certainly lies in this region. It was probably overly conservative to rule out the involvement of TMIE in the HI phenotype in this family by sequencing of the gene. For both families 4051 and 4197, a multipoint LOD score of 1.8 was obtained within the interval of the TMIE gene. However, a multipoint LOD score of 1.9 was achieved on chromosome 10 for family 4051, while a LOD score of 1.8 was attained on chromosome 4 for family 4197. In these two families, it was not possible to a priori rule out TMIE being involved in HI since there is no statistically significant evidence to map the gene segregating in this family to any chromosomal region.
Although the function of TMIE in the inner ear remains unknown, there are indications that the protein may have a role in both stereocilia maturation and auditory nerve function. The deaf Tmie-mutant spinner mouse was shown to have progressive hair cell degeneration with irregular apical surfaces of hair cells and extra rows of maturing stereocilia in inner hair cells [18] . Also, the absence of auditory brainstem response in spinner mice correlates with spiral ganglion degeneration [18, 19] . In another mouse model called circling, the mapped locus also includes the Tmie gene [20, 21] , and the circling mouse also exhibited hair cell axonal and spiral ganglion degeneration [22] . There is a similar pattern of histologic features in Cdh23+/ Pcdh15+ and Ush1C +/+ mice [23, 24] ; additionally, the CDH23, PCDH15, and USH1C proteins have been identified as stereocilia bundling proteins. However, it is difficult to surmise whether the hair cell and/or spiral ganglion loss in the Tmie mouse mutants were due to primary stereocilia defects or to secondary responses to another type of inner ear malfunction. The occurrence of putatively functional sequence variants in the extracellular domain and the cytoplasmic carboxyl tail of the TMIE protein may indicate the importance of these segments to cochlear function, but the lack of protein structures that are similar to TMIE inhibits prediction of how these sequence variants may cause hearing impairment. More information on related protein structures should help in building a good model for the pathophysiologic role of TMIE in the inner ear.
